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Ensembles of nitrogen-vacancy (NV) centers in diamond are a leading platform for practical
quantum sensors. Reproducible and scalable fabrication of NV-ensembles with desired properties
is crucial. This work addresses these challenges by developing a chemical vapor deposition (CVD)
synthesis process to produce diamond material at scale with improved NV-ensemble properties for
a target NV density. The material reported in this work enables immediate sensitivity improve-
ments for current devices. In addition, techniques established in this work for material and sensor
characterization at different stages of the CVD synthesis process provide metrics for future efforts
targeting other NV densities or sample geometries.
I. INTRODUCTION
The nitrogen-vacancy (NV) center in diamond is a
defect of trigonal (C3v) symmetry that has been widely
studied over the last decade. This is by virtue of the
fact that the negative-charge state (NV-) has a spin
S = 1 ground state that may be initialized and read-
out optically [1] and coherently controlled through the
application of microwaves, with the spin-state having
long coherence times even at room-temperature [2, 3].
The ability to detect and control single NV- centers
was largely responsible for the initial interest in this
color center [4] and it was established that, in addi-
tion to its potential use as a qubit or source of single-
photons, diamond containing NV- is a useful platform
for the detection of electric fields, magnetic fields, tem-
perature, and forces [5–7]. For example, magnetic-field
(B) measurements may be made through probing the
NV spin levels, which are split by the electronic Zee-
man interaction (Fig. 1(a)), utilizing either DC or AC-
detection schemes [8]. For these single NV demon-
strations, the availability of suitable high-purity mate-
rial grown by the Chemical Vapor Deposition (CVD)
method was crucial [9, 10].
More recently, ensembles of NV- centers have been
demonstrated to provide routes to high-sensitivity and
low-drift broadband B-field sensing, reaching picotesla
(or lower) sensitivities under ambient (room temper-
ature) conditions [11]. This is whilst providing in-
trinsic vector-field [12, 13] measurement capabilities
∗ andrew.edmonds@e6.com
through detection of all four of the NV orientations
permitted by the defects symmetry in diamond (refer
to Fig. 1(b)). Wide-field B-field imaging using NV-
ensembles [14–18] has enabled diverse applications, in-
cluding in biology [14, 15], geophysics [18], materials sci-
ence [17, 19, 20], and probing electronic circuits [21, 22].
NV-ensemble magnetometry also has potential appli-
cations in RF-sensing [23], magnetic navigation [24],
magnetic-anomaly detection [25], and geo-surveying.
Consequently there is now industrial interest in utiliz-
ing NV-ensemble sensors, with prototype devices con-
structed and being used outside the lab [26, 27]. An
example is the mobile magnetic navigation application
depicted in Fig. 1(c). Crucial to the success of these ef-
forts is the wide availability of diamond samples offering
ensembles of NV centers with reproducible properties,
at a range of well-controlled concentrations appropri-
ately chosen for each application and its practical con-
straints (size, weight, power, sensitivity, etc.).
A. Material considerations for optimal NV
magnetic field sensitivity
For NV-ensembles, the optical shot noise limited DC
magnetic sensitivity (η) is given by [28, 29]:
η ∼ 1
geµB
1
C
√
β
1√
NNVT ∗2
(1)
where NNV is the number of NV
- centers that are
utilized in the sensor (given by the product of the con-
centration of NV- centers, [NV-], and the interrogated
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Figure 1. NV- energy level and structure diagrams and ma-
terial development procedure. (a) Energy level diagram for
the NV- center in diamond with zero-field-splitting between
ground-state electronic spin levels ms=0 and ms=±1. Ex-
panded zoom depicts the Zeeman splitting of the ms =±1
energy levels due to an applied magnetic field Bz along the
NV symmetry axis. (b) Structural diagram of the nitrogen-
vacancy center in diamond. (c) Schematic summarizing the
development of a scalable process for producing diamond
material optimized for NV-ensemble magnetometry applica-
tions. Material is characterized before and after irradiation
and annealing; and feedback at each stage informs optimiza-
tion of the CVD synthesis parameters. Evolution of sample
color from a dull brown or yellow to an intense, uniform
purple color after irradiation and annealing is a result of
high [NV-] with minimal unwanted other defects. A device
designed for mobile magnetic navigation applications is de-
picted as an example application.
volume of the diamond), T ∗2 is the ensemble spin de-
phasing time, β is the optical detection efficiency, and C
is the measurement contrast. The physical constants ge
and µB are the Land factor and Bohr magneton, respec-
tively. Consequently, the sensitivity is both a function
of the diamond material and the overall sensor design.
The material-related factors NNV, C, and T
∗
2 have re-
cently been the topic of an in-depth review on routes
to optimize sensitivity [30], which further motivates the
work presented in this paper.
A typical approach to create NV centers in diamond
is to start with a sample produced by high-pressure
high-temperature (HPHT) or CVD synthesis contain-
ing substitutional nitrogen (NS); to electron-irradiate
to create vacancies (V); and then to anneal at temper-
atures > 600 ◦C, where the V are mobile (see Fig. 1(c)
for example images of material at different stages) [31].
It should be noted that NV centers are typically found
in as-grown CVD diamond [32] unless considerable ef-
forts are made to exclude nitrogen from the chamber,
but are only present as a small fraction of the overall N-
content [33]. The negative-charge state NV-, which has
the physical properties utilized in sensing, arises from
the donation of an electron (typically from N0S) accord-
ing to NV0 + N0S → NV- + N+S . The neutral charge
state NV0 exhibits an optical luminescence spectrum
that overlaps with that of NV-; thus NV0 will contribute
to the background luminescence in a typical device, de-
grading the contrast C. As a result, it is important to
consider the concentration of both NV0 and NV- in a
sample from the perspective of increasing contrast (C).
Therefore the fraction of NV- becomes an important
figure of merit:
ψ =
[NV-]
[NV-] + [NV0]
(2)
Factors influencing ψ include the starting level of
[NS] in the diamond material, which acts as an up-
per limit of the possible level of [NV]; the irradia-
tion dose (i.e., [V]); and the annealing recipe used
to convert NS and V present post-irradiation into
NV. Other defects, X, present in the diamond, either
post-growth (CVD-specific examples are discussed in
Sec. I B) or post-irradiation [34], may additionally act
as donors/acceptors and influence ψ.
[NV-], [NV0] and [N0S] also influence the resulting en-
semble NV dephasing time T ∗2 , as they contribute to
the electronic spin-bath. [X] is also a potential factor
in determining T ∗2 , if the defects are paramagnetic.
13C
has a nuclear spin of I = 12 and therefore adds to the
nuclear spin-bath. It is thus typical to produce dia-
mond samples with depleted levels of [13C] in order to
maximize T ∗2 [2]. The final source of ensemble dephas-
ing intrinsic to the diamond material is non-uniform
strain across the area of the diamond sample being
utilized [35, 36]. Considering these contributions, the
material-related T ∗2 can be approximated by the follow-
ing expression [30, 37]:
1
T ∗2 (material)
≈ 1
T ∗2 (N
0
S)
+
1
T ∗2 (NV
-)
+
1
T ∗2 (NV
0)
+
1
T ∗2 (X)
+
1
T ∗2 (13C)
+
1
T ∗2 (strain)
(3)
Since the NNV term in Eq. 1 is given by the product
of [NV-] and the interrogated volume of the diamond,
these two variables are important characteristics to ex-
amine for material and sensor design. In particular,
increasing [NV-] can lead to reduced T ∗2 , e.g., through
increased [NS] (Eq. 3). Thus, a critical figure of merit is
the product of [NV-] and T ∗2 . However, since [N
0
S] lim-
its the level of [NV-] that can be produced by irradia-
tion and annealing, a key material-related decision is the
starting [NS]. The interplay between the optimal [NV
-]
and T ∗2 at different [
13C], and resulting consequences
for magnetic sensitivity, can therefore be informed by
considering the effect of [N0S] and [
13C] on T ∗2 .
The expected T ∗2 , assuming that [N
0
S] and [
13C] are
the dominant contributors to the dephasing time, can
3be estimated using the expression:
1
T ∗2 (13C,N
0
S)
≈ A13C × [13C] +AN0S × [N
0
S] (4)
where, from previous measurements, A13C ≈
0.100 ms−1ppm−1 and AN0S ≈ 101 ms−1ppm−1 [30, 37].
The contribution from NV- centers after irradiation
and annealing is expected to be proportional to [N0S]
and is thus not explicitly included in the subsequent
analysis. The dependence of T ∗2 on [N
0
S] for natural
abundance 13C (1.1%, 11000 ppm) and depleted 13C
(0.005%, 50 ppm) is illustrated in Fig. 2(a), including
example measurements performed by our collaboration
and reported in past work [30, 37].
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Figure 2. (a) Expected dependence of ensemble NV- T ∗2
with varying [N0S] and [
13C], according to Eq. 4. (b) Product
of [N0S] and T
∗
2 as a function of [N
0
S]. The [N
0
S]∼ 10-15 ppm
regime, the focus of the present paper, is indicated by the
dashed, black lines. Comparisons to representative measure-
ments from our collaboration are shown [30, 37].
Fig. 2(b) depicts the product of [N0S] and T
∗
2 for both
natural abundance 13C (1.1%, 11000 ppm) and isotopi-
cally depleted 13C (0.005%, 50 ppm). Across the range
of [N0S] depicted, the concentration of
13C ([13C]) has
a critical role in determining both the achievable mag-
netic sensitivity and optimal [N0S].
From Fig. 2(a,b) it is apparent that for [N0S] below
∼ 100 ppm, 13C-isotopic depletion is advantageous, ex-
tending T ∗2 and increasing the figure of merit [N
0
S]×T ∗2 .
Furthermore, as discussed in Barry et al., if nitrogen-
related dephasing is a small contribution to T ∗2 , then the
nitrogen concentration should be increased until similar
to the dominant dephasing source [30]. This is illus-
trated by the plateau in the product of [N0S] and T
∗
2 for
increasing [N0S] in Fig. 2(b). While in natural abundance
material [N0S]×T ∗2 plateaus at [N0S]∼ 100 ppm, 13C-
depletion reduces the optimal [N0S] to approximately 1-
20 ppm.
Since the figure of merit for 13C-depleted material
is largely constant in the range 1-20 ppm, additional
factors should be considered when choosing a target
[N0S] in this regime. For pulsed magnetometry protocols
such as Ramsey, lower [N0S] and longer T
∗
2 may provide
advantages such as improved measurement duty cycle.
However, achieving longer T ∗2 in practice requires bet-
ter control of other dephasing sources such as magnetic
bias field gradients and strain inhomogeneity across an
interrogated NV- ensemble. Consequently, [N0S] of order
10-15 ppm is attractive because it relaxes these material
and sensor design requirements without degrading the
figure of merit [N0S]×T ∗2 . These considerations are es-
pecially critical when increasing the sensing volume for
bulk magnetometry and wide-field magnetic field imag-
ing applications using NV-ensembles.
With these considerations, the present work focuses
on material with [N0S]∼ 10-15 ppm. As outlined in the
following section, this nitrogen concentration has tra-
ditionally proven a challenging regime in which to pro-
duce, by CVD growth, favorable diamond material for
NV magnetic-field-sensing applications. It is also gen-
erally recognized that the fabrication of high-[NV] sam-
ples by CVD with reasonable coherence properties is
non-trivial and such material is suggested as a near-
term target in a recent review [38] by Achard et al.
In this work, samples with both natural abundance
and isotopically depleted 13C concentrations are com-
pared to aid development of an efficient framework for
process optimization of future material with other tar-
get [N0S] using less expensive natural abundance
13C
methane.
B. CVD diamond optimization for ensemble NV
magnetic-field sensors
The present work focuses on CVD diamond, which is
applicable to the widest range of NV sensing modalities
and applications. Due to the morphology that evolves
during growth, HPHT single-crystal diamond has dif-
ferent sectors present (e.g., {100} and {111}) and the
incorporation of N differs significantly between these
regions [39]. Hence HPHT material must be processed
into plates consisting of a single-sector, which is chal-
lenging and can limit the volume of any given sensor
element that can be produced. Also, it remains unclear
whether controllable and reproducible levels of [NS] and
hence [NV-] can be obtained in HPHT diamond. Ad-
ditionally, it is not practical with the HPHT method
4to create diamonds with NV-ensemble surface layers for
wide-field magnetic-imaging applications.
Here, we address two key challenges for the optimiza-
tion of CVD methodologies that are essential for the
production of diamond for NV-ensemble magnetome-
try applications. Firstly, a limitation of CVD synthesis
of N-containing diamond is the incorporation of addi-
tional, undesired defects. In particular, diamond grown
by the CVD method may exhibit a brown coloration,
with strong correlations observed between the N concen-
tration in the process gases during CVD growth (nec-
essary to produce NS in the material) and the level
of broadband-absorption features that give rise to this
brown color [40, 41]. Such features are thought to arise
from vacancy chains and clusters [42–45] that are incor-
porated during synthesis. Such defects act as traps for
electrons [43, 46] and hence can reduce the NV charge
fraction ψ. Associated with this effect, N-doped CVD
diamond can contain significant [N+S ] [33, 47]. These
defects, as well as other commonly-observed H-related
defects in CVD diamond (e.g., the nitrogen-vacancy-
hydrogen defect, NVH [48]), exhibit charge states that
are paramagnetic [48, 49] and thus act as a source of de-
phasing, contributing to the 1/(T ∗2 (X)) term in Eq. 3.
Minimizing such parasitic defects and understanding
the links between material characteristics and charge
fraction is thus a key challenge. Secondly, increasing
[N] to the tens of ppm level in the CVD process gases
has been observed to promote the formation of extended
or non-epitaxial defects during growth [50, 51], thereby
making it challenging to realize high-[N] material with
homogeneous strain [52, 53] and thus spatially-uniform
and long T ∗2 .
This paper reports a study of N-doped CVD processes
across a range of synthesis conditions (Sec. II), examin-
ing the resulting broadband-optical-absorption charac-
teristics and level of charge acceptors in as-grown CVD
material (Sec. III). The goal is to optimize production
of samples containing ∼ 10-15 ppm [N0S], while inhibit-
ing the level of parasitic defects and strain heterogeneity
and increasing the NV- charge-state fraction ψ and spin-
state readout contrast. Irradiated and annealed samples
are then studied to assess the influences of strain and
parasitic defects on key metrics relevant for ensemble
NV sensors: [NV-], ψ, and T ∗2 (Sec. IV). Based on these
studies, prospects for reproducibly producing samples
with controlled levels of strain, [NV], and T ∗2 are then
discussed (Sec. IV B). Finally, in Sec. V the interplay
between CVD processes and NV- charge-state and spin-
state readout contrast are explored.
II. SAMPLE SYNTHESIS, TREATMENT AND
CHARACTERIZATION METHODS
The samples examined in this paper were produced
by CVD in a microwave-plasma-assisted reactor. {100}-
oriented single-crystal CVD diamond plates containing
[N0S]∼ 0.1 ppm acted as substrates during each depo-
sition run. A range of synthesis conditions were uti-
lized, in order to produce batches of samples with vary-
ing levels of [NS] and optical absorption characteris-
tics. This process consisted of a wide range of syn-
thesis conditions, covering variations in substrate tem-
perature, Tsub ≈ 8001100 ◦C, N concentration in the
gas phase (Ngas ≈ 10150 ppm), and methane fraction,
CH4/H2 ≈ 1-5 %. CH4 sources were used that either
had natural abundances of C-isotopes, or were enriched
to 99.995 % 12C. Synthesis was stopped once the dia-
mond layer thickness reached ∼ 500 - 1000 µm in each
run, in order to permit the use of multiple characteriza-
tion techniques to examine the [NS], optical absorption,
and strain of the grown material.
The resulting samples were irradiated using an elec-
tron beam energy of 4.5 MeV whilst placed on a water-
cooled metal bench. At this beam energy, the electron
dose would be expected to be homogeneous through the
thicknesses of samples grown for this paper (few hun-
dred microns) [46]. Samples were irradiated for varying
durations with the electron dose then estimated from
the geometry of the system and the known current of
the e- source.
Subsequent annealing of the samples to create NV
centers took place in a tube furnace with samples placed
in an alumina boat. After loading, the tube was evac-
uated to a pressure of ∼ 1×10-6 mbar in order to min-
imize graphitization. Annealing was undertaken with
the following thermal-ramp profile: 400 ◦C for 2 hours,
800 ◦C for 16 hours, 1000 ◦C for 2 hours and 1200 ◦C for
2 hours (3 ◦C/min ramp rate), similar to the methodol-
ogy employed by Chu et al [54].
Room-temperature optical absorption measurements
to probe the absorption characteristics of samples in
the range 240-800 nm (UV-Vis) were performed using
an Analytik Jena Specord 50 Plus spectrometer. This
permitted measurement of [N0S] and estimates of the
strength of absorption band features at 360 and 520 nm
through spectral deconvolution and fitting of the sam-
ples post-synthesis as described by Khan et al. [47].
Fourier Transform Infrared spectroscopy (FTIR) spec-
troscopy was also used to estimate [N0S] as well as [N
+
S ]
in the as-grown samples, through measurement and fit-
ting of the absorption peaks at 1130 cm-1 and 1344 cm-1
for N0S and 1332 cm
-1 for N+S [28]; see Liggins for further
details [55]. These techniques employed an aperture of
1.5 mm.
Electron Paramagnetic Resonance (EPR) at X-band
frequencies (∼ 9.7 GHz) was used in order to quantify
the level of paramagnetic defects NVH-, N0S and NV
- in
samples prior to irradiation and annealing. A sample
of known [N0S] was used as a reference and the spec-
tral fitting and deconvolution method is described else-
where [56, 57].
Irradiated and annealed samples were examined by
low-temperature (77 K) UV-Vis absorption measure-
ments, with samples held within an Oxford Instruments
Optistat DN2 cryostat and cooled to 77 K using liquid
N2. The integrated intensities under the zero-phonon-
5lines (ZPLs) at 575 nm and 637 nm were then used to
quantify the levels of [NV0] and [NV-] respectively, using
the revised calibration constants of Dale [58] (updated
from those of Davies [59]). Prior to quantification of
defect concentrations by the methods described, sam-
ples were exposed to UV for 2 minutes, using the Xe
arc lamp excitation source of the DiamondView photo-
luminescence imaging instrument [40].
NV-based characterization of diamond material pro-
duced in this work employed two setups. The first setup
was designed for wide-field continuous wave optically
detected magnetic resonance (CW-ODMR) imaging of
mm-scale diamond samples as previously described in
Ref. [36]. From the measured CW-ODMR spectra in
each pixel, both magnetic and strain-induced shifts in
the NV- spin resonances were determined by fitting to
the NV- Hamiltonian as described in Ref. [18, 36].
The second photodiode-based setup utilized pulsed
microwave control to measure the NV- ensemble T ∗2 by
extracting the Ramsey free induction decay constant.
Using an epi-illumination microscope configuration, 5 -
1000 mW of 532 nm laser light were focused through the
sample with a beam-waist of 20µm. A 2 mT applied
bias magnetic field aligned with NV- centers oriented
along a single crystallographic axis induced a Zeeman
splitting such that the ms=0 to ms=±1 transitions be-
tween the NV- ground state sublevels were individually
addressable with resonant MW pulses. The applied bias
field homogeneity was previously engineered to ensure
negligible contributions to T ∗2 for the samples measured
in this work [37]. Ramsey-based measurements enabled
determination of T ∗2 for both the single and double
quantum coherences. For double quantum (DQ) Ram-
sey measurements (immune to axial strain-induced con-
tributions to T ∗2 ), two-tone MW pulses resonant with
the NV- ground state spin transitions prepared a super-
position of the ms=±1 states during the free precession
interval. Single quantum (SQ) Ramsey measurements
(sensitive to axial strain-induced contributions to T ∗2 )
employed single-tone MW pulses to create a superpo-
sition of the ms = 0 and ms = +1 or ms = −1 levels
during the free precession interval. See Sec. V A and
Bauch et al. [37] for further discussion of single and dou-
ble quantum coherence measurements. Alternatively a
CW-ODMR linewidth (γ) measurement was used as a
proxy for the single quantum T ∗2 = 1/(piγ), as it is com-
patible with batch analysis of samples (see Supplemen-
tal Material [60])
Quantitative birefringence microscopy was used to as-
sess the level of strain in samples after laser cutting and
polishing of the surfaces. This was performed using a
commercial Metripol system [61], with the methodology
as discussed by Friel et al. [53]. Images were collected
through the growth face of the sample, since disloca-
tions that thread in the growth direction are the domi-
nant contribution to strain in CVD diamond [40, 52, 53].
III. PROCESS OPTIMIZATION USING
AS-GROWN MATERIAL
This section describes the characterization of samples
across the range of growth conditions outlined in Sec. II,
including their UV-Vis absorption properties, resulting
color, and concentration of [N0S] and [N
+
S ]. This was un-
dertaken to elucidate growth conditions that are likely
to be beneficial to produce irradiated and annealed sam-
ples with ∼ppm levels of [NV] and desirable properties
for B-field sensing, since defects responsible for color
are likely to impact the spin and electronic properties of
CVD diamond. Samples of a preferred synthesis recipe
are then further characterized by EPR. These initial
studies were conducted with natural-abundance CH4
gas (98.9% 12C, 1.1% 13C).
A. Characterizing the nitrogen and charge
environment with processes P1 and P2
A wide range of levels of [NS] and absorption charac-
teristics were observed as the synthesis conditions were
altered. Example UV-Vis absorption and FTIR spec-
tra, used to quantify [N0S] and [N
+
S ] are shown in Fig. 3
and Fig. 4, respectively.
In the case of the UV-Vis absorption spectra, a
peak at 270 nm was observed, which is attributed to
N0S [62, 63] as well as bands at 360 nm and 520 nm,
which are thought to originate from clusters of vacancies
and NVH0 respectively [43]. In addition, a ramp in ab-
sorption as wavelength is decreased (of the form λ−3)
was present, as discussed in previous studies [43, 47].
These components in the overall absorption spectra are
shown in Fig. 3. In the case of the type Ib diamond
component, an HPHT sample of known concentration
was used and scaled appropriately to fit the spectrum
and determine [N0S]. Prior to characterization, the sam-
ples were exposed to UV, as described in Sec. II. This
ensures samples are in a consistent state prior to mea-
surement and has the effect of maximizing [N0S] (and
minimizing [N+S ] [47]).
To illustrate the spread of results, samples produced
by two processes (P1 and P2) at the extreme ends of the
conditions examined are reviewed in Table I. One pro-
Table I. Results from high-[N] diamond samples after CVD
growth for two different processes (P1 and P2), illustrating
the difference in nitrogen concentrations ([N0S] and [N
+
S ]) and
color of the samples as evaluated by lightness (L∗). Quoted
results are averages across 5 samples in each run. Example
UV-Vis absorption and FTIR spectra are shown in Fig. 3
and Fig. 4, respectively.
Process
[N0S]
(ppm)
[N+S ]
(ppm)
[N0S]/[NS]
(χ)
L∗
P1 9.3 (9) 3.5 (7) 0.73 (3) 52 (1)
P2 17 (1) 3.0 (3) 0.85 (1) 74 (2)
6cess yielded samples with a total [NS] (given by the sum
of [N0S] and [N
+
S ]) of 13 (1) ppm, the second produced
samples with [NS] = 20 (1) ppm, where the uncertainty
reflects the variation between the samples in each run.
This demonstrates that within each deposition (set of
synthesis conditions) the samples were reasonably con-
sistent, but across these two processes dramatic differ-
ences in [N0S] and [N
+
S ] were observed.
It was apparent that the color of the two sets of sam-
ples differed significantly (refer to Fig. 3). In order to
assess this in a quantitative manner, images of the sam-
ples were examined in ImageJ [64] after the background
was normalized to pure white, given by a lightness (L∗)
value of 100 (CIELAB color space [65]) where lightness
indicates the relative brightness of a color (an L∗ value
of 0 corresponds to pure black). The color was aver-
aged over a circular area in the center of the samples
and the L∗ value for each sample was determined; in this
sense L∗ was used as a proxy for the degree of brown
coloration in the sample. The values of L∗ determined
and shown in Table I illustrate that the samples from
process P2 were lighter in color (lower brown). Hence,
through careful choice of synthesis conditions, higher
levels of nitrogen doping in CVD processes do not nec-
essarily cause a higher degree of brown coloration in
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Figure 3. Representative UV-Vis absorption spectra of
as-grown high-[N] CVD material. (a) Material grown using
a CVD process yielding ≈ 9.3 ppm [N0S] and ≈ 13 ppm [NS].
(b) Material grown with a CVD process yielding ≈ 17.0 ppm
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as-grown samples.
It was also notable that the fraction of [N0S]/[NS] (de-
fined as χ) significantly differed between the two sets
of samples. This suggests that the fraction of defects
acting as charge acceptors is different between the two
groups. Prior studies of CVD material over a range
of N-doping levels have also demonstrated how this
charge fraction can vary; in other samples containing
[NS]>10 ppm it was observed that [N
0
S]≈ [N+S ] [33]. The
lowest value determined for χ in this current study
was similar, measuring ∼ 0.5, for samples containing
∼ 17 ppm [NS].
It has previously been suggested in studies by Khan
et al. that the presence of high levels of [N+S ] in CVD
diamond are indicative of significant brown color [47].
Hence this was investigated across the entire range of
explored synthesis conditions to elucidate any correla-
tions that may exist between the charge fraction of NS,
the color of the samples and the absorption features
present in spectra (such as those presented in Fig. 3).
Fig. 5 illustrates the data from all diamond material
produced in this study. The lightness of the as-grown
samples was observed to be correlated not with the de-
termined [N0S] in the samples, nor with the total [NS],
but with the charge fraction χ, [N0S]/[NS]. This suggests
that the level of absorption leading to brown coloration
is associated with the degree of acceptor-defects present
in the material, consistent with the comments by Khan
et al. [47].
Fig. 6 illustrates the relationship between the
strength of the 520 nm and 360 nm bands and the de-
termined NS charge-fraction value. In both cases an
increase in the absorption feature was attributed to a
decrease in χ, establishing that the defects responsible
for these bands are acceptors. A higher spread in the
results for the 520 nm band is evident (Fig. 6(a)), but
is likely due to the relative weakness of this feature in
the spectra. The examples shown in Fig. 3 act as a
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Figure 5. (a) For all material produced in this study,
plot of sample lightness (evaluated as L∗) as function of
neutral substitutional nitrogen concentration, [N0S]. (b) Plot
constructed using the same data set as (a), but as a function
of total [NS] (summing [N
0
S] and [N
+
S ]) and (c) L
∗ against the
ratio of [N0S] to [NS] (denoted by χ in the text). The linear
fit in (c) is a guide to the eye to illustrate the link between
the two parameters.
good demonstration of this behavior, as the 360 nm and
520 nm bands are approximately a factor of three lower
in Fig. 3(b) compared to Fig. 3(a), which correlates with
the difference in charge-state fraction and color of the
samples, as shown in Table I.
It is also noteworthy that, if a linear relationship is as-
sumed between the NS charge fraction and the strength
of the absorption feature in both plots in Fig. 6, the line
of best-fit trends to unity in the absence of the band.
Hence, if the defects causing the 360 nm and 520 nm fea-
tures were absent, negligible N+S would be expected. N
+
S
is generally not observed in untreated HPHT samples
and neither are these two bands.
The mapping from CVD process values such as the
flow of H, CH4 and other gases, dopant level, and sub-
strate temperature Tsub onto the physical parameters
controlling growth, e.g., the density of surface radical
sites, the rate of CHx addition relative to etching by H
atoms, and the near-surface NHx (or CN)/CHx ratio,
depends on the particular reactor design via intermedi-
ate variables such as the gas and electron temperatures
and the position of the plasma relative to the deposi-
tion area. The process conditions needed to produce
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Figure 6. For all material produced in this study, relation-
ship between the charge fraction [N0S]/[NS] (denoted by χ
in the text) and the strength of (a) the 520 nm absorption
band and (b) the 360 nm absorption band observed in an
absorption spectrum measurement. Linear fit is a guide to
the eye.
given material characteristics therefore differ consider-
ably between different reactor designs. Nevertheless, in
this study it was established that, at a given doping
level, careful simultaneous control of the CH4 fraction
(relative to total gas flow) and the substrate tempera-
ture was crucial to reducing χ whilst also maintaining
a growth surface free of etch pits [66] or {100} surface
twins [67].
Following the findings outlined in this section, a sim-
ple metric for a desirable CVD recipe is high [N0S] and
a low degree of brown-coloration. These two proper-
ties were readily measurable in as-grown samples with
no material processing required, as the effect of a sub-
strate with ∼ 0.1 ppm [N0S] is negligible in terms of color
and measured [N0S]. Hence, traversing a range of growth
conditions and rapidly characterizing the material was
possible.
B. Development and characterization of process
P3
Following arguments presented in Sec. I A a process
targeting [N0S] ∼ 15 ppm whilst maintaining a high frac-
tion of [N0S]/[NS] was desired. Based on the findings
8Table II. Summary of as-grown N-related defect concentrations in a representative sample from the high-[N] CVD process P3
as measured by UV-Vis and FTIR absorption spectroscopy as well as electron paramagnetic resonance (EPR).
[N0S]
(ppm)
[N+S ]
(ppm)
[NS]
(ppm)
[NVH−]
(ppm)
[NV−]
(ppm)
UV-Vis FTIR EPR FTIR FTIR EPR EPR UV-Vis
13.9 (7) 15 (2) 16 (2) 3.5 (7) 19 (1) 1.6 (2) 0.08 (1) 0.070 (4)
from the samples characterized in Sec. III A, a process
denoted P3 was developed. A small initial batch of
5 diamond samples resulted in [N0S]≈ 14 (1) ppm and
[N0S]/[NS]≈ 0.81 (2), and were utilized for further char-
acterization and processing.
EPR measurements were conducted on a sample from
this first batch in order to investigate additional point
defects present in this material. This approach allowed
[NVH-] and [NV-] to be quantified in samples grown
using process P3 prior to treatment. Table II shows
these results and summarizes the quantification of [N0S]
by three different techniques; UV-Vis and FTIR absorp-
tion measurements, as well as EPR, in order to confirm
general agreement between these methods.
The concentrations [NV-] and [NVH-] can be com-
pared to [NS] in order to assess the ratios of N-related
defects in this material. [NS]:[NVH
-]:[NV-] in the exam-
ined sample was ∼ 230:20:1, close to the previously ob-
served values in studies of CVD material (300:30:1 [33]
and 52:7:1 [68]). Hence, despite having high-[N] and a
low fraction of acceptors (high χ), NVH remains a con-
siderable fraction of the measurable N-related defects
in the studied material (>10 %, given only the negative
charge-state can be quantified). This likely reflects the
hydrogen-rich environment that exists during the CVD
growth process.
Motivated by previous reports [69–71] concerning the
annealing of NV- containing material at high temper-
atures, similar experiments were conducted on the P3
samples. Annealing took place in vacuum at 1500◦C for
16 hrs to maximize any possible effects of treatments
at this temperature. As shown in Table III, [NV-] in-
creased to > 0.2 ppm after annealing, suggesting some
residual vacancy clusters were broken up in this treat-
ment. [NV0] was below detection limits both before and
after annealing (<0.01 ppm). A straightforward N→NV
conversion is likely, echoing recent findings in treatment
of layers grown on {111}-oriented substrates [71]. In
the results shown in Table III, it is also notable that
the 360 nm absorption band decreased dramatically in
strength (by ∼ 90 %), lending support to previous as-
signments of V-related defects/clusters to this feature.
The 520 nm feature remained unchanged, within the
likely uncertainties of the measurements. Further in-
vestigation is needed to map out the extent to which
vacancy related defects (especially those associated with
the 360 nm line) impact NV creation and contribute to
spin bath dephasing of NV- ensembles [37].
Table III. Concentrations of N0S and NV
- as measured
by UV-Vis and UV-Vis absorption spectra coefficients at
360 nm and 520 nm before and after sample annealing at
1500 ◦C for a representative sample from process P3.
[N0S]
(ppm)
[NV-]
(ppm)
360 nm
(cm−1)
520 nm
(cm−1)
As-grown 13.9 (7) 0.070 (4) 3.0 (1) 1.5 (1)
Post-anneal 13.7 (7) 0.20 (1) 0.3 (1) 1.7 (1)
IV. CHARACTERIZATION OF MATERIAL
POST IRRADIATION AND ANNEALING AND
BATCH ANALYSIS
This section discusses characterization of diamond
samples synthesized using process P3 after being elec-
tron irradiated and annealed to create ∼ppm levels
of NV centers. Measurements of [NV], [NV-], and
[NV0] as a function of electron irradiation dose up to
6×1018 cm−2 are presented in Sec. IV A. Utilizing a se-
lected dose, batches of samples are characterized to eval-
uate the production of material with reproducible [NV-]
at scale in Sec. IV B. For these synthesis runs, the suc-
cess of additional steps before and during growth to
mitigate lattice strain inhomogeneity are assessed using
birefringence imaging.
A. Nitrogen-vacancy concentration as function of
irradiation dose
To optimize the fraction of [NV-] (ψ) in the mate-
rial, it is crucial to choose the irradiation dose appro-
priately. If the irradiation dose and hence number of
vacancies introduced is too low, then the generation of
NV centers will be limited. Conversely, if the material
is over-irradiated, [NV] will be saturated, but at the
expense of generating a large number of NV0 centers,
detrimentally affecting the value of ψ [72, 73].
For the process P3 material described in the previous
section with ≈ 14 ppm [N0S] it was therefore desirable to
investigate the generation of NV- and NV0 centers as a
function of irradiation dose. This was conducted up to
a dose of ∼6×1018 cm−2 and the results obtained after
the samples were annealed are shown in Fig. 7(a). It
should be noted that the samples were annealed using a
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Figure 7. (a) Average concentrations of [NV-], [NV0] and
[NV] ([NV-]+[NV0]) of e- irradiated (4.5 MeV) and annealed
process P3 samples containing ≈14 ppm [N0S] as-grown, as
measured by UV-Vis absorption. (b) Example 77 K UV-
Vis measurement of process P3 material after irradiation
to a e- dose of ∼6×1018 cm-2 and annealing up to 1200 ◦C.
Measurements were made after UV exposure.
ramped-temperature annealing recipe which has a final
2 hour step at 1200 ◦C. Although temperatures above
1000 ◦C do not increase [NV] [29], higher temperatures
have previously been shown to assist in annealing out
multi-vacancy defects [74, 75]. Measurements of [NV-]
and [NV0] were conducted by UV-Vis after the samples
were exposed to UV.
Over this range of irradiation doses [NV0] was ob-
served to increase linearly, whereas [NV-] began to sat-
urate at the highest dose. The dose was therefore not
increased further and was chosen as the level of irradi-
ation to utilize for the remainder of this study. At this
chosen level of irradiation, samples were found to con-
tain 3.7 (2) ppm [NV], comprising 2.3 (1) ppm of [NV-]
and 1.4 (1) ppm of [NV0] after exposure to UV. An ex-
ample 77 K UV-Vis absorption spectrum of this mate-
rial is shown in Fig. 7(b).
B. Batch analysis of process P3
In this section, batch characterization of samples
is reported to demonstrate the reproducible produc-
tion of material with well-controlled [NV-] and strain
inhomogeneity. Samples were synthesized using pro-
cess P3 (0.005%
13C) in combination with additional
strain-mitigation techniques: CVD substrates and pre-
synthesis etches were carefully controlled to minimize
the density of dislocations present in the high-[N] mate-
rial grown, according to the methods discussed in Friel
et al. [53]. Deposition conditions were controlled for
the duration of the run to avoid the formation of non-
epitaxial crystallites.
As-grown samples were irradiated and annealed using
the selected dose of 6×1018 cm−2 identified previously
in Sec. IV A. Examples of these samples, post irradia-
tion and annealing, are shown in Fig. 8(a). The intense
purple color is a result of the high [NV-] achieved in
this material. Across such a batch of 23 samples, the
average [N0S] was approximately 13 ppm with a standard
deviation of 1 ppm, which demonstrates the ability to
achieve the same level of [N0S] in a larger run, as well
as repeatability between separate synthesis runs (refer
to Table II and Table III). As shown in Fig. 8(c), the
measured [NV] = 3.8 (2) ppm ([NV-] = 2.3 (2) ppm) was
similarly consistent across the batch and with previous
samples grown using process P3 (Sec. IV A). The mea-
sured [NV-] and [NV0] yield a favorable average charge
fraction of ψ = 0.62 (5) (uncertainty indicates one stan-
dard deviation).
Reducing the strain inhomogeneity in samples is crit-
ical to avoid degrading T ∗2 and limiting the magnetic
sensitivity of an NV-ensemble device. The strain envi-
ronment of each sample in the batch was characterized
using Metripol birefringence imaging and representative
images are shown in Fig 8(b). In these samples, an aver-
age birefringence ∆n≈ 7 (1)×10−6 was determined with
peak values of ∆n ∼ 3×10−5 in isolated petal features
(see inset of Fig. 8(b) for an example). A vast major-
ity (>99%) of the pixel values within the birefringence
image, Fig. 8(b), satisfy ∆n . 10−5, the standard for
ultra-low birefringence established by Friel et al. [53]. In
the following section, NV-based measurements are re-
ported, demonstrating that the achieved level of strain
control is sufficient to avoid limiting NV-ensemble mag-
netic sensitivity.
V. IMPACT ON NV SENSING PARAMETERS
A representative sample from the previous section
was selected for further NV-based characterization.
Here, the properties of this sample relevant to mag-
netic sensitivity are reported, including T ∗2 and ODMR
contrast. Correlations between the final material prop-
erties and as-grown material properties (NS charge frac-
tion, χ) are established by comparing process P3 to a
fourth process (P4) with similar [NS] but dramatically
lower charge fraction due to an increased concentration
of parasitic defects.
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Figure 8. (a) Photograph of 6 process P3 samples (0.005%
13C) with approximately 900 µm thickness, after irradiation and
annealing to create ≈ 3.8 ppm [NV]. (b) Birefringence images of the plates in (a) as measured on a Metripol microscope. (c)
Concentration results, determined by UV-Vis absorption, of [NV0], [NV-] and total [NV] (sum of [NV0] and [NV-]) across a
batch of 23 process P3 samples.
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Figure 9. (a) Map of extracted strain-induced NV res-
onance shifts for a (3.6×3.6×0.1) mm3 freestanding plate
produced from a thicker original process P3 sample. (b)
Map of extracted strain-induced NV resonance shifts for a
second freestanding plate produced from a different portion
of the sample used to produce the plate shown in (a). (c,d)
Histograms of the strain shift values shown in (a) and (b),
respectively.
A. Strain mitigation and T ∗2 measurements
Strain in the host diamond lattice induces shifts in
the NV- spin resonances. When averaging over an en-
semble of NV- centers, strain inhomogeneity can de-
grade the ensemble-NV dephasing time, T ∗2 , and ODMR
contrast [36] (see Supplemental Material [60]). To fur-
ther characterize the strain mitigation strategies in-
troduced in Sec. IV B, the NV- spin properties were
studied. These measurements employed two 100 µm
thick freestanding plates produced from one of the
(3.6 × 3.6 × 0.9) mm3 process P3 samples used in the
batch analysis. This thickness was chosen to improve
the planar spatial resolution of CW-OMDR-based imag-
ing and reduce inhomogeneities in the applied magnetic,
optical, and MW control fields.
Strain-induced resonance shifts were extracted by fit-
ting the measured CW-ODMR spectra pixel-by-pixel to
the full NV Hamiltonian as described in Ref. [18, 36].
Due to the thickness of the diamond substrate limiting
spatial resolution, [18, 36] NV strain shift measurements
are only advantageous for probing the strain environ-
ment for length scales larger than the thickness of the
diamond, 100 µm. Maps of these shifts for the two sam-
ples are shown in Fig. 9(a,b) and histograms of the mea-
sured shifts are shown in Fig. 9(c,d), respectively. Both
samples exhibit minimal strain inhomogeneity with a
distribution in strain-induced shifts of approximately
11
25 kHz full-width half-maximum (FWHM). These mea-
surements demonstrate dramatically improved strain
control in the CVD process relative to previous sam-
ples in the literature (see Ref. [36] for typical examples
of N-doped CVD diamond with strain-induced shifts on
the order of hundreds of kHz to MHz). The shared
spatial variations in the strain inhomogeneity between
Fig. 9(a) and 9(b) are a consequence of the two samples
being cut from the same source material (particularly
visible along the bottom edges of the diamond plates).
For the sample shown in Fig. 9(a), additional
photodiode-based Ramsey measurements of ensemble-
NV T ∗2 were conducted on the setup described in Sec. II
and previously established to have negligible contribu-
tion from B0 gradients and temporal variations, and
other technical inhomogeneities [37]. Measurements
of the single and double quantum T ∗2 in six different
locations across the sample yielded average values of
T ∗2 {DQ} = 0.70 (5)µs and T ∗2 {SQ} = 1.12 (6)µs where
the uncertainties indicate one standard deviation.
Comparison of the single quantum T ∗2 and axial-
strain-immune double quantum T ∗2 provides insight into
the dominant dephasing sources across the interrogated
ensemble, including the strain inhomogeneity on length
scales shorter than the 100 µm sample thickness. As ex-
pected when limited by magnetic dipolar interactions
with the surrounding spin bath, the average T ∗2 {DQ}
is nearly half the average T ∗2 {SQ} due to the effec-
tively doubled gyromagnetic ratio for the double quan-
tum sensing basis [37]. These values are consistent with
ensemble-NV dephasing dominated by interactions with
other NV- sensor spins and remaining N0S bath spins,
with a residual contribution from strain inhomogeneity
across the interrogated volume of approximately 50 kHz.
Additionally, these measurements of T ∗2 are consistent
with batch measurements of the CW-ODMR linewidth,
γ (see Supplemental Material [60]).
Expanding on the discussion in Sec. I A, the prod-
uct of [NV-] and T ∗2 is used as a material figure of
merit to account for the achieved density of [NV-] sen-
sor spins. In past work [26, 76], 12C-enriched (99.97 %)
HPHT material containing [N0S] of ∼ 2 ppm as-grown
was treated to produce 0.4 ppm [NV-] and exhibited a
T ∗2 of ∼ 3.2µs. In such samples, the product [NV-]×T ∗2
is 1.3 µs·ppm, which compares to 2.7µs·ppm for the
optimized material characterized in this work. The
2.7µs·ppm value also compares favorably to compiled
assessments of samples in the literature [29, 30, 77].
B. NV charge-state and contrast
Sections III A and III B focused on maximizing the
value of [N0S]/[NS] (χ), i.e., minimizing charge traps, in
as-grown material with the rationale that this would be
beneficial to improve the NV charge ratio ψ. Hence, it is
worthwhile to examine whether the material produced
in this study can elucidate the relationship between the
concentration of charge-traps in as-grown CVD mate-
rial and the values of ψ (and ODMR contrast) after
irradiation and annealing.
To demonstrate an understanding and control of
charge trap synthesis, a charge-state-detrimental pro-
cess (based off process P1) was developed that pro-
duced [NS] = 17 (1) ppm with χ = 0.49 (8) (referred to
as process P4), compared to [NS] = 16 (2) ppm with χ =
0.81 (2) in process P3. Hence, in this case, the two pro-
cesses had similar [NS], but with significantly different
levels of acceptors. As expected, the material also had
visibly different absorption properties (Sec. III A) post
growth. The degree of variation in NS charge fraction
χ was also larger in the case of diamond material with
lower χ, implying this process was less controlled.
Three samples grown using process P4 were irradiated
to the same dose as that used for process P3 (Sec. IV A)
and were annealed utilizing an equivalent profile. The
results obtained from these processes are shown in Ta-
ble IV. [NV] and NV charge fraction ψ are reduced in
the process P4 sample, demonstrating that grown-in de-
fects in CVD diamond that act as charge acceptors can
have a detrimental influence on the properties observed
after irradiation and annealing.
The optical-absorption properties of material grown
by these two processes were also investigated. It was
found that the P4 material, with a higher starting level
of brown coloration (lower χ), still had a higher level
of absorption post irradiation and annealing (around
10-15 % higher in the range 350-550 nm). Increasing
[NV], whilst limiting absorption from other defects at
wavelengths <637 nm, is beneficial from the perspective
of reducing absorption from the laser used to excite NV-
luminescence; hence, a material with a higher starting
χ is desirable.
ODMR contrast, which depends upon the NV charge
fraction and scales inverse-linearly with magnetic sen-
sitivity, is another critical material-based factor to op-
timize [28–30]. The ODMR contrast for material pro-
duced using processes P4 and P3 was compared using
pulsed-ODMR, as depicted in Fig. V B(a). Measure-
ments were performed as a function of excitation inten-
sity to account for changes in charge state under 532 nm
illumination and T1-related effects. A pinhole was in-
troduced to the NV fluorescence collection path of the
setup used in Sec. V A to restrict the collection volume
and ensure homogeneous illumination similar to the ap-
proach in Ref. [78].
Since NV-ensemble devices commonly employ a long-
pass filter to partially isolate NV- fluorescence from
background NV0 fluorescence [78, 79], a 647 nm long-
pass filter was added to replicate realistic experimen-
tal conditions. As shown in Fig. 10(a), the measured
pulsed-ODMR for process P3 exceeds that of process
P4 by approximately 20% across a range of 532 nm ex-
citation intensities spanning from near saturation in-
tensity around 1-3 mW/µm2 [30] (optimal for appli-
cations using pulsed measurement protocols) down to
10−4 mW/µm2 (similar to the intensities used for CW-
ODMR applications [80]). The two samples exhibit
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Table IV. Results obtained from processes P3 and P4, which have similar starting levels of [NS], but different fractions
[N0S]/[NS]. Process P3 was the chosen process for samples reviewed in Sec. III A-III B. Concentrations were determined after
exposure to UV.
Process As-grown Post irradiation and annealing
[NS] (ppm) [N
0
S]/[NS] (χ) NV (ppm) [NV
−]/[NV] (ψ)
P3 16 (2) 0.81 (2) 3.8 (2) 0.62 (5)
P4 17 (1) 0.49 (8) 3.6 (1) 0.43 (7)
maximum contrast for excitation intensities around
5×10−3 mW/µm2 with values of 12 % and 10 % for pro-
cesses P3 and P3, respectively. At higher intensities, the
measured contrast decreases for both samples, likely due
to reduced NV charge fraction [NV-]/[NV] with increas-
ing optical intensity [78, 79]. At lower excitation inten-
sities, the measured contrast also decreases because the
fraction of NV- centers initialized into the ms=0 state
depends upon the ratio of the optical pumping rate to
the depolarization rate 1/T1 (see the Appendix of Drau
et al. for further details [81]).
These ODMR contrast measurements on plates pro-
duced using processes P3 and P4 further suggest that
as-grown defects in CVD diamond that act as acceptors
can impact the material properties after irradiation and
annealing. Additionally, high initial NS charge fraction,
χ, appears to be a useful indicator of improved measure-
ment contrast.
VI. CONCLUSION
This study identifies the important role CVD syn-
thesis parameters can have on the incorporation of un-
wanted, vacancy-related defects in nitrogen-doped CVD
diamond. These defects can act as charge acceptors and
likely contribute to the diamond electronic spin bath
and are therefore detrimental to sensing applications
using ensembles of NV- color centers. Crucially, we de-
termine that high [N0S]/[NS] charge fraction χ can be
achieved independent of [NS] by limiting parasitic de-
fects. Comparison of material grown with the same
initial [NS] before and after irradiation and annealing
suggests that improved NS charge fraction in as-grown
material increases NS →NV- conversion, thereby in-
creasing the density of NV- sensor spins and ODMR
measurement contrast, both of which benefit sensing
applications. In particular, the synthesis processes de-
veloped in this work are expected to provide magnetic
sensitivity improvements for current NV-ensemble de-
vices without the additional experimental complexity
or power consumption associated with advanced spin
control or readout techniques [30].
This study also demonstrates the ability to produce
ensemble-NV-diamond samples at scale with controlled
levels of strain and reproducible [NV-] and T ∗2 , shown
through characterization of 23 near-identical samples.
The NV- density was observed to vary by less than
7 % with an average of 2.3 (2) ppm as measured by
UV-Vis absorption spectroscopy. Furthermore, birefrin-
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Figure 10. NV pulsed-ODMR contrast measurements of
example samples grown with processes P3 and P4. (a)
Schematic of the sequence used to measure the NV contrast.
Before the first 532 nm optical pulse (green), a resonant mi-
crowave (MW) pulse is applied to transfer population from
the ms=0 to the ms=1 state. The black dashed pulse indi-
cates that no MW pulse was applied before the second opti-
cal pulse. Optical pulses are 5 ms in duration and not shown
to scale. (b) ODMR contrast as a function of excitation in-
tensity for the two 100 µm thick samples produced using
process P3 and P4. The reported contrast was determined
by the maximum ratio between nsig/nref during a readout
pulse of 532 nm laser light where nsig (nref) corresponds to
the fluorescence measured with(without) an applied MW pi-
pulse. Horizontal errors bars indicate an estimated 10 % un-
certainty in the measured intensity and vertical error bars
indicate an estimated 2 % uncertainty in measured contrast.
gence, CW-ODMR stain-imaging, and Ramsey-based
T ∗2 measurements suggest that careful substrate surface
preparation and pre-synthesis etches enable sufficient
control over strain inhomogeneity in the material to
largely mitigate strain-gradient-induced contributions
to ensemble-NV dephasing and limits to application-
relevant magnetic field sensitivity.
The correlation of the desired material properties,
such as [NV-] after irradiation and annealing, with sim-
ple CVD-growth metrics, such as the color of as-grown
samples, enables rapid exploration of large synthesis pa-
rameter spaces. This approach provides an efficient
framework to develop future diamond material with
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varying defect densities tailored to specific applications
and, beyond exploring growth recipes for other defect
densities, future efforts developing micron-scale, NV-
rich surface layers based upon the processes demon-
strated here will enable advances in NV-ensemble wide-
field magnetic imaging applications. For such samples,
control of additional qualities such as surface morphol-
ogy and a well-defined interface between the high-purity
diamond substrate and N-doped layer will be critical.
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Appendix A: Summary of samples
Table V contains a summary of all samples used in
this study including growth process, purpose, and where
they are discussed in the text.
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Table V. Summary of diamond samples used in this study
Process
Purpose of
Samples
Section of
Text
Figure/Table
Used
Treatment
1 Low χ→ Low L∗ III A Table I, Fig. 3(a),
Fig. 5, 6
As-grown
2 High χ→ High L∗ III A Table I, Fig. 3(b),
Fig. 4, Fig. 5, 6
As-grown
3
Evaluate N-related
environment
(UV-Vis, FTIR, EPR)
III B
Table II,
Table III
As-grown
High temperature
annealing test
III B Table III 1500◦C anneal
Optimize irradiation
dose
IV A Fig. 7(a,b)
Irradiated (Variable)
and Annealed
Batch analysis
[NV−] and strain
IV B Fig. 8
Irradiated and
Annealed
Strain shift maps V A Fig. 9(a,b)
Irradiated and
Annealed
High χ→ High ψ
→ High contrast V B
Fig. 10(b),
Table IV
Irradiated and
Annealed
4
Low χ→ Low ψ
→ Low contrast V B
Fig. 10(b),
Table IV
Irradiated and
Annealed
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